INTRODUCTION
Since the first description of the adaptive response to ionizing radiation'), results of a number of similar investigations2-7) have been published. In these reports, the frequencies of such chromosomal aberrations as sister-chromatid exchanges2-4) and chromatid breaksi, 5, 6) , and the frequency of mutations, such as 6-thioguanine resistance7), mainly have been used as the biological end-points of the adaptive response. A preliminary low dose irradiation generally is agreed to induce an adaptive response as assessed by chromosomal aberrations and mutations. However, the adaptive survival responses induced by low doses of ionizing radiation vary considerably depending on the assay system. In fact, some researchers have reported that
[3H]thymidine given prior to X-radiation had no effect on the lethality of that radiation? , whereas, others have reported that prior irradiation with 5-10 cGy of X-rays significantly increased the 30-day survival rate after a second sublethal X-irradiation was given to mice 2 months later 8). Furthermore, most studies on the adaptive response have been done by in vitro assay of human lymphocytes' 5-7),.
We examined the induction of the adaptive survival response in mice given a preliminary low dose X-irradiation in vivo using a T-cell cloning technique of spleen T-lymphocytes . Experiments were performed to see whether the adaptive response also could be induced in vivo as assessed by survival; whether the time necessary for a sufficient expression of the adaptive survival response and the duration of that response could be determined; and whether an optimal range of low dose irradiation exists.
MATERIALS AND METHODS

Animals
B6C3F1 female mice, 8-12 weeks old, were used. All mice (10 or less per cage) were kept in a 24+2'C air-conditioned clean room and fed commercial pellet chow and tap water ad libitum.
X-irradiation and treatment with X-rays
Mice were distributed randomly in two groups. One group served as the unprimed controls, the another was exposed to low doses of whole-body irradiation ("priming exposure"). Several hours later, both groups were exposed to high doses of X-rays ("challenge exposure"). Whole-body X-irradiation of the mice was done unanesthetized in a special plastic box using a Toshiba EXS-300-4 X-ray machine (Toshiba Co. Ltd., Tokyo, Japan). The X-irradiation factors were 250 kVp, 0.5 mm Cu+0.5 mm Al filter, 70 cm focus-surface distance. The respective dose-rates were 17 and 27 cGy/min for the priming and challenge exposures.
First, to determine the time required for maximal expression of the adaptive survival response and to see how long than phenomenon lasts, a 0.1-Gy dose was delivered at various intervals (1, 4, 7, 8, 12 or 24 hours) before the 3-Gy challenge dose (Exp. 1).
To study the effect of the range of the priming exposure dose, each group of mice first was exposed to a low dose (0.025, 0.05, 0.1, 0.2, 0.35 or 0.5 Gy) as the priming exposure, then by exposure to 3-Gy as the challenge dose 7 hours after the priming exposure (Exp. 2).
Mice also were exposed to graded challenge doses of X-rays (0, 1, 2, 3 or 4 Gy) 7 hours after the priming exposure (0.1 Gy). The fraction of surviving spleen T-lymphocytes was plotted as a function of the challenge dose. Regression lines and the values of Do and Dq were obtained by the least squares method using our original computer soft ware (Exp. 3).
In Exps. 1-3, both the priming and challenge exposures took place in vivo. Spleens were removed from the mice 7 hours after the priming exposure (0.1 Gy) in vivo, after which the mouse spleen cells were exposed to graded challenge doses of X-rays (0, 1, 2, 3 or 4 Gy) in vitro. The Do and Dq values (Exp. 4) were obtained as described in Exp. 3.
For all the experiments, controls were run concurrently with the preliminarily irradiated groups.
Culture conditions and media for the mouse T-lymphocytes A detailed description of the protocols used with the T-lymphocytes has been given by Dohi et al.9) . Briefly. The spleens were removed aseptically from the mice immediately after the challenge exposure and placed in Hanks' balanced salt solution (HBSS). They were teased to release all the spleen cells, then gently pushed through a fine stainless steel mesh sieve to obtain single-cell suspensions. These spllen cells were hemolyzed in Gey's solution, which replacing NaC1 with NH4C1. After two washings in HBSS, the cells were suspended in growth medium and incubated at 37°C in a humidified atmosphere of 95% air/5% CO2 to allow Concanavalin-A (Con-A, Sigma Chemical Co.) polyclonal stimulation of the T-lymphocytes.
The medium used for propagating the T-lymphocytes (growth medium) was PRMI1640 supplemented with HEPES (20 mM, Sigma chemical Co.) (pH 7.2), penicillin (100 U/ml), streptomycin (100,ug/ml), L-glutamine (2 mM), sodium pyruvate (2 mM), 10% heat-inactivated fetal calf serum (HI-FCS, Gibco Laboratories), 20% T cell growth factor (TCGF) prepared as described by Dohi et al.9) , and allogeneic stimulator cells (lymphoblastoid EL-4 cells) lethally irradiated with 40 Gy of X-rays, at the designated cells density of 1 X 105 Cells/ml.
Cloning efficiency assay
The adaptive survival response to low doses of X-irradiation was determined by comparing the cloning efficiency of the low dose-irradiated (i.e., "primed") mouse T-lymphocytes to that of the unprimed controls. The spleen cells were diluted to the desired density, then combined with an equal volume of growth medium and delivered by micropipette into 96-well microtiter plates (200,ul containing 10-400 T-cells per well). The plates were placed on trays slanted at an 8° angle in a CO2 incubator10). After 7 days, 100,ul of growth medium was added to each well. The number of wells containing clones was determined microscopically after 2 weeks. Poission distribution function was used to calculate cloning efficiencies for the fraction of negative wells"):
Cloning efficiency (CE) =-ln(number of empty wells/number of total wells)/number of cells seeded in each well .
RESULTS
Before assaying the adaptive survival response to ionizing radiation, we determined the optimal period for expression of the adaptive response induced by 0.1 Gy of X-rays. For each determination, B6C3F1 mice first were given low doses of whole-body irradiation (primed), then irradiated with high doses of X-rays (challenge). Their spleens were removed immediately after irradiation, and the cloning efficiencies determined. The cloning efficiencies of primed spleen cells following a high dose challenge (3 Gy) then were compared with the efficiencies of unprimed spleen cells. Figure 1 shows The relative survival for each priming dose is shown in Fig. 2 . The dose that had the optimal effect was estimated to be between 0.05 and 0.1 Gy. Preliminary irradiation with higher (0.2, 0.3 or 0.5 Gy) or lower (0.025 Gy) doses was not effective. The 0.05 and 0.1-Gy points were significantly different (a 1.4-fold surviving fraction following 3 Gy) from the 0 Gy point at the 5% level. Relative survival as a function of the applied challenge dose is shown in Fig. 3 (the result of Exp. 3). The 3-Gy point was significantly different from the 0 Gy point at the 5% level. For the in vivo irradiation, the dose-survival curve of unprimed cells (data not shown) had a Do value of 0.71 Gy and a Dq value of 0.72 Gy and that of primed cells had a Do value of 0.71 Gy and a Dq value of 0.86 Gy.
Results of Exp. 4 (the challenge exposure done in vitro) are shown in Fig. 4 . The 1-Gy point was significantly different from the 0 Gy point at the 5% level. For the in vitro irradiation, the respective Do and Dq values were 0.86 Gy and 0.59 Gy, and 0.86 Gy and 0.78 Gy for the unprimed and primed cells. Thus, the results for these two experiments showed the same tendency; the Do value of primed cells was as large as that of the unprimed cells, whereas the Dq value of the primed cells was somewhat larger than that of the unprimed cells after the challenge exposure in vivo or in vitro.
DISCUSSION
The results of Exp. 1 suggest that it is possible to induce the adaptive response in vivo as assessed by survival by giving a prior low dose of X-irradiation. These results also suggest that the adaptive response was not immediately expressed, it required a time-lag. Variations exist with respect to the time interval needed to express the effect of low dose radiation. In the studies by Ikushima2) and by Shadley et al .5), a 4-h interval was sufficient for the expression of the adaptive response. In the study by Yonezawa et al.8), 2 months were required for expression. In our study, 7 hours were required for maximal expression. As to these time-lags, we speculate that the induction of certain proteins may condition these responses. Several studies have suggested that proteins such as poly(ADA-ribose) polymerase2,12,13) and DNA-binding protein 7) may be involved. Boothman et al. 14) reported X-ray-induced proteins from melanoma cells. There may, however, be mechanisms other than the induction of proteins involved in the adaptive respose such as enhancement of the immune function 15,16) Furthermore, in our Exp. 1, the adaptive survival response disappeared within a half day, which suggests that the effect of the low dose exposure was transient. Similar conclusions have been arrived at by Ikushima2), Shadley et al .5), and Wojcik and Tuschl4) who used different end-points. It is logical that after the induction of the proteins involved, they could be metabolized or diluted by the challenge exposure.
The results of Exp. 2 indicate the existence of an optimal low dose range within which the adaptive survival response is induced. The optimal dose was estimated as being between 0.05 to 0.1-Gy in our experiments, and the dose range was equal to that of Yonezawa et al.8) , who used an in vivo test system. In the in vitro test systems used by Ikushima3), Shadley et al.s), and Sanderson and Morley7), the ranges for the priming dose were much smaller than in the in vivo test systems. But, overall there is a narrow window of doses below and above which the adaptive survival response does not occur.
Bosi and Olvieri17) reported that a human polulation was heterogeneous in the adaptive response to ionizing radiation. Wojcik and Tsuchl4) reported heterogeneity in the adaptive response as expressed in mice. Heterogeneity in the adaptive survival response of animals also was shown in our study (Figs. 3 and 4) . The Dq value of the primed cells was somewhat larger than that of the unprimed cells in Exp. 4 as well as in Exp. 3. Taking into consideration that the Dq value represents the repair capacity's), low dose exposure might have led to increased repair capacity of the spleen cells before the second irradiation.
In conclusion, our results show that the adaptive reponse can be induced in vivo as assessed by survival, and that the effect of a prior low dose of radiation is transient. An optimal low dose range exists, and low dose exposure may enhance repair capacity of cells.
